INTRODUCTION OF SULFATIDE
3-O -sulfogalactosylceramide is the fi rst sulfoglycolipid isolated from the human brain and was given the name sulfatide by Thudichum in 1884 ( 1 ). The synthesis of sulfatide starts at the endoplasmic reticulum by the addition of galactose from UDP-galactose to ceramides, which is catalyzed by the UDP-galactose:ceramide galactosyltransferase (CGT; EC 2. 4. 1. 45) ( 2 ). Galactosylceramide (GalCer), human renal carcinoma tissues ( 18 ) , primary human colorectal cancer tissues ( 19 ) , human ovarian malignant and benign cancer tissues ( 20 ) , and human serous papillary ovarian carcinoma tissues ( 7 ) . Defi ciency of the lysosomal enzyme ASA ( 21 ) or mutations in the gene coding for SapB ( 22 ) leads to the accumulation of lysosomal sulfatide and development of metachromatic leukodystrophy (MLD), a demyelinating disease. Sulfatide was also shown to be associated with the nervous system, insulin secretion in the islet of Langerhans, immune system, hemostasis/ thrombosis, cancer, and microbial infection.
BIOLOGICAL FUNCTIONS OF SULFATIDE

Nervous system
In the nervous system, sulfatide is abundant in the myelin sheath and comprises 4% of total myelin lipids ( 23 ) . Most of the sulfatide in the nervous system is present in myelinating cells (oligodendrocytes in central nerves and Schwann cells in peripheral nerves), in which active sulfatide synthesis proceeds. Sulfatide functions as a negative regulator of oligodendrocyte differentiation (myelination processes) ( 24 ) and is involved in an increase in oligodendrocyte survival ( 25 ) . For ceramide moieties of sulfatide, hydroxy FAs are uniquely distributed in gray matter of the human brain, as compared with dominant distribution of nonhydroxy FAs in white matter. Because the hydroxy FAs originate from myelinating oligodendrocytes in gray matter, sulfatide with the hydroxy FAs is suggested to infl uence myelin stability ( 26 ) . On the other hand, the myelin formation of cultured Schwann cells appears to be initiated by sulfatide through its binding to extracellular matrixes, like tenascin-R or laminin, which binds to integrins (signaling molecules) and can stimulate c-Src/Fyn kinase (27) (28) (29) . Histological analysis showed that axons of the optic nerve in CST-defi cient mice were well-myelinated. However, electron microscopic analysis of myelinated axons revealed disorganized termination of the lateral loops at the node of Ranvier ( 30, 31 ) . Recently, sulfatide was demonstrated to be a novel inhibitor of myelin-associated axon outgrowth ( 32 ) .
Myelin and lymphocyte protein (MAL) is a highly hydrophobic molecule and a tetraspan lipid raft-associated protein. Association of MAL with sulfatide has been shown in cultured oligodendrocytes, myelin, and plasma membranes from the rat spinal cord. MAL might be involved in the vesicular transport of myelin proteins and lipids, particularly sulfatide, to the myelin membrane ( 33, 34 ) . The incorporation of MAL during myelin maturation would organize and stabilize glycosphingolipids in microdomains and thus seal the myelin membrane for small molecules and promote regular curvature of compact myelin. In addition, such clusters of glycosphingolipids might contribute to myelin membrane adhesion by interactions with calcium ions serving as a bridge ( 35 ) . MAL might also support a signaling or surface recognition function of sulfatide and/or other molecules.
Sulfatide also appears to function in myelin maintenance and to affect glial-axon signaling as exemplifi ed by is maintained in the subsequent germ cell stages, suggesting a role in fertilization ( 8 ) . Although CST and CGT appear to recognize to some extent a wide spectrum of hydrophobic ceramide moieties, sulfatide and GalCer appear to be preferentially synthesized from ceramides with C22 and C24 FAs in rat organs and human serous papillary ovarian carcinoma. In addition, for the human glioma cell line U87 MG, overexpression of p53 results in a dramatically increased level of sulfatide possessing C18, despite no signifi cant change in the level of sulfatide possessing C24 ( 9 ) . Genes other than CST and CGT can also have an effect on ceramide composition of sulfatide. The 3-O -sulfate group of sulfatide is specifi cally hydrolyzed by arylsulfatase A (ASA; EC 3. 1. 6. 8) in lysosomes. ASA activity requires the help of sphingolipid activator protein-1, also called saposin B (SapB), which extracts sulfatide from membranes and thereby makes it accessible to ASA ( 10 ) ( Fig. 2 ). An alternative sulfatase-independent pathway of sulfatide degradation has been suggested by indications in a neuroblastoma cell line for direct generation of ceramide from endocytosed sulfatide without prior desulfation ( 11 ) . Sulfatide is localized mainly in the Golgi apparatus ( 3 ), cellular membrane, and lysosomes in the cytosol ( 12 ) . Sulfatide is abundant in the kidney, gastrointestinal tract, islet of Langerhans, trachea, and particularly the brain, especially in many human cancer cell lines and tissues such as primary human lung adenocarcinoma tissues ( 13 ), human gastric cancer tissues ( 14 ) , human renal carcinoma cell line (SMKT-R3 cell line) (15) (16) (17) and with Alzheimer's disease. LPR1 deletion in mice also leads to a global defect in brain lipid metabolism characterized by decreased levels of cholesterol, sulfatide, and GalCer. These lipid defi cits correlate with eventual neurodegeneration ( 51 ) . ApoE potentially controls import levels of sulfatide to cells in the brain. The human apoE 4 allele is a genetic risk factor for Alzheimer's disease ( 52 ) , and apoEdefi cient mice exhibit signifi cantly reduced levels of sulfatide in the brain ( 39 ) . Defi ciency of apoE expression may correlate with Alzheimer's disease through sulfatide reduction in the brain. Herpes simplex virus-1 (HSV-1) infection in the brain is related to Alzheimer's disease susceptibility by binding of the virus to heparan sulfate proteoglycans, ␣ 2-macroglobulin, nectin receptors, blood-borne lipoproteins, and apoE ( 53, 54 ) . Although the mechanism by which HSV-1 infection correlates with Alzheimer's disease is not clear, virus binding to apoE might result in reduction of sulfatide in the brain ( Table 1 ) .
Kidney
Many kidney-derived cell lines contain sulfatide. The function of sulfatide in the kidney has been investigated using CGT-or CST-defi cient mice. No abnormalities were found in tissue weight, morphology, and histology of kidneys in CGT-defi cient mice. In CGT-defi cient mice, several parameters, including blood urea nitrogen, creatinine, sodium ion, potassium ion, chloride ion, urinary osmolality, and ␤ -N -acetyl-D -glucosaminidase excretion were within normal ranges. There were no signifi cant differences in kidney function among CGT genotypes ( 55 ) . Similarly, CSTdefi cient mice did not show any major morphological or functional defects in the kidney ( 8 ) . Although sulfatide is not thought to be essential for normal kidney function, the role of sulfatide in kidney function might be partially compensated by increased expression of other sulfated glycolipids and sulfated cholesterol in sulfatide-defi cient mice.
In protein-overload nephropathy mice, the level of sulfatide in serum decreases as the disease progresses. Acute indications of uncompacted myelin and vacuolar degeneration in adult CST-defi cient mice. The spinal cords of CST-defi cient mice exhibited modest demyelination ( 36 ) . In a previous study, demyelination was not observed in the optic nerve of CST-defi cient mice ( 30, 31 ) . CST-defi cient mice may display region-specifi c myelin instability. The disturbed glial-axon contact leads to improper localization and abnormal maintenance of sodium and potassium ion channel clusters, although sulfatide does not appear to be essential for initial cluster formation of sodium ion channels ( 30 ) .
Small amounts of sulfatide have been detected in neurons and astrocytes ( 37, 38 ) . Cultured astrocytes are capable of synthesizing small amounts of sulfatide ( 39, 40 ) . Low expression levels of both CGT and CST are detectable in various neurons. Relatively large amounts of C18:0-sulfatide are present in neurons. In contrast, myelin is enriched in very-long-chain FA C22/C24-sulfatide ( 41, 42 ) . Alternatively, it has been suggested that sulfatide could be imported into neurons by apoE receptor-mediated endocytosis of sulfatide-containing apoE proteins ( 43 ) .
Thus, because sulfatide in the nervous system can potentially affect functional properties of membrane proteins such as ion channels, ion pumps, receptors, and transporters, abnormal expression levels of sulfatide are linked to neurological symptoms. Accumulation of sulfatide with FA C18:0 in neurons causes lethal audiogenic seizures in mice ( 44 ) . MLD develops due to defi ciency of ASA activity (or SapB) that results in intralysosomal storage of sulfatide in the nervous system. This leads to progressive demyelination ( 45 ) . Large quantities of sulfatides can be found in the urine of MLD patients ( 46 ) . There was no difference in quantitative levels of ceramide compositions (d18:1-C22:1, sphingadienine d18:2-C22:0, d18:1-C22:0 h, d18:1-C24:0, d18:1-C24:0 h, d18:2-C23:0 h, and d18:2-C24:0 h) of sulfatide in the urine samples from patients with two forms of clinical manifestation: motor form (homozygous for the ASA mutation P426L) and psychotic form (heterozygous for the ASA mutation I179S) ( 47 ). Parkinson's disease patients exhibit levels of sulfatide elevated by 30-40% in the superior frontal and cerebellar gray matter ( 48 ) . However, a recent study has demonstrated that sulfatide from lipid rafts of human brain gray matter is reduced by 30% in incidental Parkinson's disease manifested as Lewy body pathology in the brain stem without motor symptoms (but not in classic Parkinson's disease manifested as a complex motor disorder) ( 49 ) . Loss of sulfatide in Alzheimer's disease is most severe in the cerebral gray matter (>90% reduction) compared with about 50% in the white matter. For ceramide moieties of sulfatide, compositional distributions (C18:0, C22:0, C23:0, C24:1, C24:0, C25:1, and C26:1 of hydroxy or nonhydroxy FAs) were unchanged in the Alzheimer's disease brain ( 26 ) . Because CST activity in the brain is normal in Alzheimer's disease, it has been suggested that accelerated degradation of sulfatide leads to ceramide production ( 50 ) . LDL receptor-related protein 1 (LPR1), a highly expressed protein in neurons of the central nervous system, plays critical roles in lipoprotein metabolism, synaptic transmission, and clearance of amyloid-␤ peptide associated Anti-sulfatide antibodies in serum are frequently present at diagnosis and before the onset of diabetes ( 68 ) . Antisulfatide antibodies associated with type I diabetes inhibit insulin secretion and exocytosis from ␤ cells ( 66 ) . Treatment of nonobese diabetic (NOD) mice with sulfatide reduced the incidence of diabetes to 35%, as compared with 85% for the control animals ( 69 ) . The T cell-dependent immune system is implicated in the development of type I diabetes, and it is therefore of interest that ␤ cells produce a peptide-based hormone that is potentially immunogenic and an autoantigen in type 1 diabetes. Sulfatide has been shown to possess anti-infl ammatory properties. The C16:0 isoform of sulfatide inhibits the production of IL-1, IL-6, IL-10, TNF-␣ , and the chemokines MIP-1 ␣ and IL-8 ( 70 -72 ) . Because sulfatide has a selectin-mediated anti-infl ammatory effect, it inhibits insulitis and prevents diabetes in NOD mice by blockage of L-selectin ( 73, 74 ) . Sulfatide also has the ability to reduce caspase-3/7-dependent apoptosis in insulin-inducing cells by blocking pro-apoptotic effects of IL-1 ␤ , IFN-1 ␤ , and TNF-␣ ( 75 ). These fi ndings suggest involvement of sulfatide in the pathogenesis of type 1 diabetes.
Sulfatide might also be involved in type 2 diabetes. Sulfatide inhibits secretion of TNF-␣ . Insulin resistance is associated with low serum levels of sulfatide and elevated production of TNF-␣ in type 2 diabetic patients ( 76, 77 ) . At the ␤ -cell level, sulfatide might suppress type 2 diabetes through activation of potassium channels, mainly attributable to the C16:0 isoform of sulfatide ( 66 ) . Single-nucleotide polymorphisms in the gene encoding the CST enzyme show lower insulin resistance or confer increased risk of type 2 diabetes ( 78 ) ( Table 3 ).
Immune system
T cells recognize lipid antigens bound through CD1 molecules, which are nonpolymorphic, major histocompatibility complex (MHC) class I-like. Various antigen-presenting cells, such as dendritic cells, macrophages, subsets of B kidney dysfunction lowers the level of sulfatide in serumw through downregulation of CST gene expression in lipoprotein-producing organs such as the liver ( 56, 57 ) . Reduction of serum sulfatide level in patients with end-stage renal disease was detected prior to induction of hemodialysis therapy ( 58 ) . Kidney function itself also seems to be associated with regulation of sulfatide level in serum and lipoprotein-producing organs.
L-selectin has been identifi ed as a lymphoid homing receptor. Exogenously added sulfatide considerably inhibited monocyte infi ltration after unilateral ureteral obstruction (UUO) treatment ( 59 ) . L-selectin ligand activity was not detected in CST-defi cient mice with or without UUO treatment, whereas the distributions of L-selectin ligand activity and sulfatide were relocated from distal tubules to the endothelium of peritubular capillaries, where monocytes infi ltrated, after UUO treatment in wild-type mice ( 60 ) . Sulfatide is a major L-selectin ligand in the kidney, and binding between L-selectin and sulfatide plays an essential role in monocyte infi ltration into the kidney interstitium.
MAL is expressed at the apical surface of the kidney and stomach in the rat and mouse. Sulfatide is abundant in apical membranes of distal kidney tubuli and the glandular stomach epithelium. MAL forms complexes with glycosphingolipids, including sulfatide in kidney membranes, and might contribute to stabilization and apical sorting of glycosphingolipid-enriched microdomains ( 61, 62 ) ( Table 2 ).
Diabetes mellitus
The C16:0 isoform of sulfatide is predominantly found in secretory granules and at the surface membrane of ␤ cells in the islet of Langerhans and rat ␤ TC3 cells ( 63 ) . Sulfatide expression has not been detected in rat ␣ TC1-9 cells. Incubation of ␤ TC3 cells with the C16:0 isoform of sulfatide (but not with the C24:0 isoform) inhibited glucose-induced insulin secretion by reducing ATP-sensitive potassium channel sensitivity ( 64 ) . On the other hand, lack of the C16:0 isoform of sulfatide was also found in the pancreas of the type II diabetic mouse model, the db/db mouse ( 65 ) . Sulfatide is required for normal insulin secretion through activation of ATP-sensitive potassium ion channels and stimulation of calcium ion-dependent exocytosis ( 66 ) . The C16:0 isoform of sulfatide dramatically improves insulin crystal preservation, whereas the C24:0 isoform has almost no effect ( 65 ) . Sulfatide facilitates the instant monomerization of insulin during its secretion from the ␤ cells of the pancreas. Sulfatide may also promote proinsulin folding and seems to serve as a molecular chaperone for insulin. This is one of the fi rst examples of a nonprotein chaperone ( 67 ). (homing) of leukocytes to the injured endothelium and to cancer cells that abundantly express sulfatide. Chemokines are a family of small chemostatic cytokines that provide directional cues for leukocyte traffi cking. The chemokines MCP-1/CCL2, IL-8/CXCL8, SDF-1 ␣ / CXCL12, MIP-1 ␣ /CCL3, and MIP-1 ␤ /CCL4 bind selectively to sulfatide with the site overlapping the glycosaminoglycan-binding site of MCP-1/CCL2. They are involved in human immunodefi ciency virus (HIV)-1 infection, hematopoiesis, angiogenesis, embryonic development, tumor metastasis, and graft rejection ( 90, 91 ) . Sulfatide might function as a receptor of these chemokines.
Sulfatide can bind to scavenger receptors on macrophages. This binding enhances uptake of sulfatidepainted apoptotic cells by macrophages and results in enhanced TGF-␤ 1 generation, IL-6 secretion, and P-selectin expression ( 92 ) . For antigen-presenting cells (human CD1d-transfected monocytic leukemia THP-1 cells), addition of the C16:0 isoform of sulfatide reduces and the C18:0 or the C24:1 isoform increases expression of indoleamine 2,3-dioxygenase 1 (DOX1), an enzyme catalyzing the initial and rate-limiting step in the catabolism of tryptophan along the kynurenine pathway, which represents a fi ne-tuned mechanism for regulating several immune responses ( 93 ) . Various biological functions of sulfatide are thought to be dependent on ceramide moieties of sulfatide ( Table 4 ) .
Hemostasis/thrombosis
Sulfatide has strong anticoagulant activity that prolongs bleeding time, probably due to both its binding activity to fi brinogen, inhibiting the conversion to fi brin, and its direct inhibitory effect on thrombin activity, when simply injected into animals ( 94 ) . On the other hand, sulfatide also enhances thrombosis, possibly through participation of blood coagulation factor XII, when injected into mice with blood vessel walls that are heavily damaged or when continuously infused into mice through plastic cannulae. cells, thymocytes, hepatocytes, and tumor cells, express CD1 molecules, which can be classifi ed into fi ve subtypes (a-e). CD1 (a-d) molecules can bind to sulfatide. While CD1a, -b, and -c are involved in presenting (mostly microbial) lipid antigens to conventional T cells, CD1d presents lipids, glycolipids, and lipoproteins, which can be of self or foreign origin, to natural killer T (NKT) cells. CD1a, -b, and -c are able to load sulfatide on the cell surface without proteasome processing as a lipid antigen and prime T helper type 1 and T helper type 2 responses ( 79 ) . CD1a uniquely localizes to the early endocytic recycling compartment, consistent with the localization of sulfatide. The intracellular traffi cking route of CD1a is essential for efficient presentation of lipid antigens such as sulfatide that traffi c through the early endocytic and recycling pathways ( 80 ) . CD1d-restricted NKT cells can be categorized into two groups. Type 1 NKT cells can recognize ␣ GalCer/ CD1d-tetramers. Major type 2 NKT cells can recognize sulfatide/CD1d-tetramers and are activated by multiple tissuespecifi c isoforms (various ceramide moieties) of sulfatide ( 81 ) . Sulfatide-reactive type 2 NKT cells isolated from unprimed animals have an oligoclonal T cell receptor repertoire with predominant usage of V ␣ 3/V ␣ 1-J ␣ 7/J ␣ 9 and V ␤ 8.1/V ␤ 3.1-J ␤ 2.7 gene segments that exhibit features of both antigen-specifi c conventional T cells and innate-like cells ( 82 ) . Sulfatide-reactive type 2 NKT cells are able to regulate type 1 NKT cells by modulating the function of dendritic cells, resulting in protection from autoimmune disease ( 83, 84 ) and ischemic reperfusion injury ( 85, 86 ) .
Selectins are an important family of adhesion molecules involved in capturing circulating leukocytes by inducing "rolling" along the endothelium. E-selectin is expressed only on endothelial cells activated by proinfl ammatory stimuli of cytokines such as IL-1 and TNF-␣ . P-selectin is stored in ␣ -granules of normal platelets and in granules (called Weibel-Palade bodies) of normal endothelial cells. Once the platelets and endothelial cells are activated by proinfl ammatory stimuli of cytokines such as IL-1 and TNF-␣ or by infl ammatory mediators such as histamine and thrombin, P-selectin is quickly expressed on the surface. L-selectin is present on the surface of leukocytes and interacts with its ligands on endothelial cells, resulting in subsequent migration (called homing) of leukocytes to infl ammation sites ( 87 ) . Sulfatide is a native ligand for L-and P-selectin, but not for E-selectin. Sulfatide is also abundantly expressed in many types of cancer and tumor. Metabolic inhibition of sulfation by incubation of mouse colon carcinoma MC-38 cells with sodium chlorate or enzymatic desulfation by treatment of the cells with arylsulfatase results in decreased P-selectin binding and leads to attenuation of metastasis in mouse lungs. Abundant sulfatide on the surface of cancer cells possibly serves as a native ligand for P-selectin, contributing to facilitation of metastasis ( 88, 89 ) . Binding of L-selectin to sulfatide triggers upregulation of the expression of the chemokine coreceptor CXCR4 surface expression on surfaces of human leukocytes such as CD4 + T cells. Interaction of chemokine ligand 12 (CXCL12) with CXCR4 induces chemostasis for leukocytes ( 90 ) . Sulfatide is thought to contribute to migration elevated compared with that in healthy subjects ( 103 ) , although the CST level of hepatocarcinoma tissues is similar to that in normal controls ( 104 ) . For human renal cell carcinoma cell lines, marked increases of CST mRNA and CST activity were observed in six cell lines (SMKT-R1, SMKT-R2, SMKT-R3, SMKT-R4, TOS-1, and TOS-2), whereas ACHN cells showed only a slight increase, as compared with normal cells ( 105 ) . Wilms' tumor (nephroblastoma) shows no detection of sulfatide ( 106 ) . Thus, elevated expression of sulfatide is not necessarily common in all types of cancer. In addition, because lipids can be exchanged between the cellular membrane and serumcontaining medium in cells cultured in vitro, it may be necessary to confi rm whether elevated levels of sulaftide are an artifact in cultured cancer cell lines.
Mechanisms of the elevation of sulfatide expression have been investigated in human renal cell lines. For human renal cancer cell lines including SMKT-R3, CST activity is elevated through a signaling pathway involving protein kinase C ( 16, 105 ) , tyrosine kinases ( 105, 107 ) , and Ras ( 108 ), by the action of cytokines such as epidermal growth factor ( 109 ), TNF-␣ ( 17 ), and hepatocyte growth factor ( 110 ) , resulting in the accumulation of sulfatide. Metabolic inhibition of sulfation by incubation of mouse colon carcinoma MC-38 cells with sodium chlorate or enzymatic desulfation by treatment of the cells with arylsulfatase results in decreased P-selectin binding and leads to attenuation of metastasis in mouse lungs. Abundant sulfatide on the surfaces of cancer cells possibly serves as a native ligand for P-selectin, contributing to facilitation of metastasis ( 88, 89 ) ( Table 4 ) . The relationship between the initiation and promotion mechanism of cancer and elevated expression of sulfatide remains unknown.
ROLE OF SULFATIDE IN BACTERIAL INFECTION
Adhesion of bacteria to the mucosal surface is an initial important step for infection. Sulfatide is known to bind to many bacteria, including Actinobacillus pleuropneumoniae ( 111 ) ( 124 ) , and Pseudomonas aeruginosa ( 125 ) . Sulfatide is one of the glycolipid receptors that serve to adhere these bacteria to the mucosal surface. Borrelia burgdorferi Sensu Lato 297, a virulent strain, shows binding to GalCer but not to sulfatide ( 126 ) .
A. pleuropneumoniae and M. hyopneumoniae are swine respiratory pathogens. B. pertussis , H. infl uenzae , M. catarrhalis , M. pneumonia , and P. aeruginosa are human pharyngeal or respiratory pathogens. Sulfatide is present in the human and swine tracheas ( 123, 124 ) . These bacteria are thought to use sulfatide to adhere directly to the host respiratory tract.
Annexin ( 95 ) . The interaction between sulfatide and P-selectin, both of which are expressed on platelets, is important for stable platelet adhesion and aggregation during hemostasis and thrombosis ( 96 ) . Therefore, sulfatide is thought to have both activities for coagulation and anticoagulation. Sulfatide in serum lipoproteins has been suggested to affect the pathogenesis of cardiovascular disease. This disease might be caused by the development of arterial thrombosis through platelet aggregation and platelet-leukocyte interactions associated with both sulfatide and P-selectin on platelets ( 97, 98 ) . Disabled-2 (Dab2) is a negative regulator of platelet aggregation and is released to the extracellular surface upon platelet activation. Dab2 at the platelet surface coexists in two states, a sulfatide-bound state and an integrin receptor-bound state. The multi-target ability of Dab2 may play a regulatory role in platelet-leukocyte adhesion and aggregation events ( 99, 100 ) ( Table 5 ).
Cancer and tumor
Sulfatide is abundant in the kidney, gastrointestinal tract, islet of Langerhans, trachea, and particularly the brain, especially in many human cancer cell lines and tissues such as primary human lung adenocarcinoma tissues ( 13 ), human gastric cancer tissues ( 14 ) , human renal carcinoma cell line (SMKT-R3 cell line) (15) (16) (17) , and human renal carcinoma tissues ( 18 ) , primary human colorectal cancer tissues ( 19 ) , human ovarian malignant and benign cancer tissues ( 20 ) , and human serous papillary ovarian carcinoma tissues ( 7 ) . Elevated expression of sulfatide is commonly found in many human cancer cell lines and tissues and may possibly be used as a biomarker of some cancer cells. However, primary human lung squamous cell carcinoma tissues and undifferentiated small cell carcinoma tissues have much lower levels of sulfatide than the levels in primary human lung adenocarcinoma tissues ( 13 ) . For human ovarian cancers, sulfatide content in malignant cancers is signifi cantly higher than in benign cancers ( 20 ) . For human gastric cancer tissues, it has also been reported that expression levels of sulfatide were low ( 101 ) and that expression levels of CST mRNA were highly variable among several patients ( 102 ) . For human hepatocellular carcinoma, CST activity in serum of patients is gangliosides such as GM1, GD1a, and GT1b. Similarly, the activity of phospholipase A2 in the porcine pancreas is increased by the presence of sulfatide in the dilauroylphosphatidic acid monolayer but is inhibited by GM1, GD1a, and GT1b ( 136 ) .
Mycobacterium tuberculosis is the causative agent of human tuberculosis. Sulfated glycolipids of the cell wall of M. tuberculosis are implicated in virulence. It has been proposed that sulfated glycolipids may be involved in intracellular survival of virulent M. tuberculosis by their interaction with phagosomes and prevention of lysosomal fusion. The principal sulfated lipid of M. tuberculosis has been identifi ed as 2,3,6,6 ′ -tetraacyl-␣ , ␣ ′ -D -trehalose-2 ′ -sulfate. However, the gene Rv1317 in M. tuberculosis encodes a novel glycolipid sulfotransferase with activity toward GalCer. Sulfatide may be a component of the cell wall of M. tuberculosis and may be involved in virulence ( 137 ) . On the other hand, it has also been shown that sulfatide from bacteria promotes phagocytosis and phagosome-lysosome fusion of Sphingomonas paucimobilis by human peripheral polymorphonuclear leukocytes ( 138 ) .
Dps protein from C. jejuni induces rapid paranodal myelin detachment and down-modulation of nodal sodium channels by binding to sulfatide on the myelin and the nodes of Ranvier. This may be involved in Guillain-Barre syndrome (GBS) associated with C. jejuni enteritis ( 113, 114 ) ( Table 6 ).
ROLE OF SULFATIDE IN VIRUS INFECTION AND REPLICATION
HIV
The involvement of sulfatide in virus infection has been mostly investigated for HIV-1. Trimerized gp120-gp41 envelope glycoprotein complexes on HIV-1 interact with viral receptor CD4 molecules, inducing a conformational change in gp120 that allows for its subsequent interaction with a chemokine coreceptor: CXCR4 for T-cell-tropic and CCR5 for macrophage-tropic. The interaction of gp120 with a chemokine coreceptor promotes the exposure and subsequent insertion of the hydrophobic gp41 fusion peptide into the host cell membrane for virus entry into susceptible cells. Surface glycoprotein gp120 on HIV-1 binds not only to CD4 and CXCR4 or CCR5 but also to glycolipids, including sulfatide, GalCer, lactosylceramide (LacCer), GM3, and GD3. The third variable region "V3 loop" of HIV-1 gp120 interacts with these glycolipids but not with CD4 ( 139 ) . HIV-1 can also infect CD4 -cells of neural and intestinal tissues. In CD4-negative cells of neural and intestinal tissues susceptible to HIV-1 infection, GalCer and sulfatide seem to function as alternate virus binding receptors ( 140 ) . The role of sulfatide in HIV-1 infection would be not only to serve as secondary attachment sites but also to participate actively in transmembrane signaling. For example, sulfatide can trigger an increase in cytosolic calcium ions and enhancement of mRNA expression of TNF-␣ and IL-8 in human neutrophils ( 141 ) and activation of tyrosine kinase in CD4 Ϫ glial cells ( 142 ) .
Hsp70 is exposed on the outer surface of H. infl uenzae and contributes to the ability of H. infl uenzae to bind to sulfatide ( 118 ) . Interaction of the N-terminal domain of Hsp70 with sulfatide also results in the inhibition of Hsp70 ATPase activity, suggesting that Hsp70/sulfatide binding might modulate chaperone function ( 127 ) . Sulfatide mediates attachment of P. aeruginosa strain 361 to human pharyngeal epithelial cells, whereas P. aeruginosa mucoid strain 8830 does not bind to sulfatide ( 128 ) . Recognition by sulfatide of P. aeruginosa is dependent on the strain. All strains of B. pertussis bind to asialo GM1, whereas only virulent strains bind to sulfatide ( 112 ) . 987P-fi mbriated enterotoxigenic E. coli , enterotoxigenic E. coli TOP10 strain, H. pylori , and L. reuteri adhere to the mucosal surface of the host gastrointestinal tract, where sulfatide is endogenously expressed and is exogenously loaded ( 129 ) . Sulfatide recognition of H. pylori has been investigated in detail. H. pylori , the human causative agent of active chronic gastritis, can bind to some sialo-and asialo-glycoconjugates containing sulfatide. Treatment of H. pylori at low pH induces specifi c binding to sulfatide. It is possible that increased levels of surface hsp70 on H. pylori following low-pH treatment mediate the increased sulfatide recognition ( 130 ) . L. reuteri JCM1081 and TM105 strains bind to sulfatide and gangliotetraosylceramide (asialo-GM1), both of which are recognized by H. pylori . L. reuteri strains sharing glycolipid specifi city with H. pylori help to prevent infection in an early stage of colonization of H. pylori ( 120 ) . H. ducreyi and M. hominis are pathogens of the human genital tract, present in sulfatide ( 131 ) . The interaction between H. ducreyi and sulfatide is mediated by a 58.5 kDa heat shock protein of its organism ( 117 ) .
Malaria ( Plasmodia ) sporozoites pass from the salivary gland of an infected Anopheles mosquito into the host blood stream during feeding, followed by invasion into host hepatocytes. Plasmodium berghei sporozoites bind specifi cally to sulfatide through circumsporozoite proteins, which densely coat malaria sporozoites ( 132 ) . Sulfatide is present on the hepatocyte surface membrane ( 133 ) . Malaria sporozoites may use sulfatide for invasion into host hepatocytes.
STb, a 48 amino acid heat-stable enterotoxin b, is secreted by enterotoxigenic E. coli strains and is responsible for diarrheal diseases in many animals including humans. STb binds strongly to sulfatide present in the pig jejunum mucosal surface, but not to GalCer and asialo gangliosides. The gangliosides GM3, GM2, and GD1b exhibit binding levels of at least 40% relative to sulfatide. It has been suggested that sialic acid residues are also involved in the binding process of STb ( 134 ) . The interaction between sulfatide and STb is time and temperature dependent and low affi nity, and it is not affected by pH ( 135 ) . Because laminin, a sulfatide binding protein, or sulfatase pretreatment of ligated rat intestinal loops signifi cantly inhibits the in vivo action of STb, sulfatide represents a functional STb receptor ( 134 ) .
The activity of phospholipase C from Clostridium perfringens is increased by the presence of sulfatide in the dilauroylphosphatidylcholine monolayer but is inhibited by by guest, on www.jlr.org Downloaded from competes with GalCer for gp120 binding. The binding of recombinant gp120 to sulfatide exhibits the strongest activity of tested glycolipids, including GalCer ( 146 ) . The attachment of HIV-1 to the surface membrane of Sulfatide + / GalCer + cells may proceed through predominant binding to sulfatide. Sulfatide-attached HIV-1 cannot be delivered to CXCR4 due to the instability of the gp120-sulfatide complex, leading to an insuffi ciency for initiation of the fusion process. For the CD4-independent pathway in HIV-1 infection, GalCer acts as a functional receptor, but sulfatide can effi ciently prevent infection by mediating strong gp120 binding and its inability to initiate the fusion process ( 147 ) . On the other hand, HIV-1 can infect SK-N-MC cells ( 148 ) + cells, a subset of cells with rich sulfatide and poor GalCer may not be subjected to HIV-1 infection. The strong binding of HIV-1 to sulfatide has been applied to the development of an anti-HIV reagent. For example, polysulfated galactose-derivatized dendrimers have been reported to be binding antagonists of HIV-1 infection ( 146 ) .
Myelin degeneration is commonly observed in the central nervous system of HIV-1-infected individuals, especially in patients with HIV-1-associated dementia. It has been shown that mean sulfatide concentrations are still elevated in cerebrospinal fl uid (CSF) from the majority of asymptomatic HIV-1-infected patients, compared with those in HIV-1-negative controls, but those were significantly increased in acquired immunodefi ciency syndrome (AIDS) patients with or without opportunistic infections or lymphoma in the central nervous system. The increased sulfatide concentrations did not differ signifi cantly between patients with and without dementia. The sulfatide levels are associated with blood-brain barrier function but not with intrathecal immunoglobulin production ( 150 ) . Elevated titers of anti-sulfatide antibodies are also observed in serum from HIV-1-infected individuals with or without central nervous system complications. However, anti-sulfatide antibodies are not detectable in CSF. Therefore, antisulfatide antibodies are not a major component in the pathogenesis of the central nervous system myelin damage in HIV-1 infection ( 151 ) . The elevated level of anti-sulfatide antibodies in AIDS patients can cause demyelination by binding to the surface of Schwann cells or to the myelin sheath and activating the complement cascade. Patients in the advanced stage of AIDS occasionally develop GBS, which is an acute autoimmune polyneuropathy affecting the peripheral nervous system. The anti-sulfatide autoimmune antibodies may play a role in the pathogenesis of peripheral nervous injuries such as GBS ( 152 ) . Elevated levels of their autoimmune antibodies in HIV-1-infected patients may be involved in injury of the peripheral nervous system rather than that of the central nervous system ( Table 7 ) .
Recently, there has been an interesting report about the use of sulfatide in HIV therapy. Sulfatide administration in SCID-Hu animals, coimplanted with human fetal liver and thymus, inhibits HIV-1 replication and retains hematopoeisis that is lost during HIV-1 infection. The inhibitory effect of sulfatide administration on HIV-1 replication is more Sulfatide does not play a signifi cant role in HIV infection of CD4 + monocyte-derived macrophages or monocytic U937 cells ( 143 ) . The binding of gp120 V3 loop to LacCer, GM3, and GD3 on CD4 + lymphocytes has been suggested to play a role in the fusion process between the viral envelope and the cellular plasma membrane ( 139 ) . For RD cells (CD4
+ human rhabdomyosarcoma cell line), direct interaction between gp120 and CXCR4 is thought to be a very low probability. For Caco-2/ Cl2 (CD4 Ϫ cell lines derived from the nervous system), treatment with antibodies against GalCer inhibits viral entry and infection ( 145 ) . gp120 can also penetrate into a monomolecular fi lm of GalCer but not into a monomolecular fi lm of sulfatide or into a mixed monolayer of GalCer and sulfatide. These results indicate that GalCer plays a role as a functional receptor for HIV-1 and that sulfatide investigated the function of sulfatide in the IAV infection cycle by knockdown of sulfatide expression in MadinDarby canine kidney (MDCK) cells, which are known to adequately support IAV replication, and by genetic upregulation of sulfatide expression in COS-7 cells, which lack sulfatide expression and suffi cient IAV replication ( 158 ) . COS cells are a sulfatide-defective cell line due to defective CGT activity ( 159 ) . It has been suggested that sulfatide accumulation leads to a feedback inhibition of GalCer synthesis ( 41 ) . We therefore transfected COS-7 cells with both CST and CGT genes from MDCK cells and established two cell clones that stably express sulfatide. Infection of these sulfatide-enriched cells with IAV resulted in obvious enhancement of IAV multiple replications by 500-3,000 times in progeny virus titers in comparison with the parent cells, which showed little replication of IAV. In contrast, sulfatide-enriched cells showed slight reduction in the initial infection in comparison with that of the parent cells. Furthermore, we also generated sulfatide-knockdown cells from MDCK cells by transfection with the ASA gene and by RNA interference targeting CST mRNA. The sulfatideknockdown cells showed a reduction in progeny virus titers generated by IAV replication and a slight increase in initial infection. Taken together, sulfatide expression in mammalian cells greatly enhances IAV multiple replications. We previously established a mouse anti-sulfatide monoclonal antibody (MAb; named GS-5) ( 59 ). Treatment with GS-5 for 4-24 h after IAV infection induced a great reduction in IAV multiple replications, but GS-5 treatment before and at the same time as IAV infection had no effect on viral initial infection and replication. In contrast, an anti-glycosphingolipid, Gb3Cer MAb (named TU-1), exhibited no inhibition of IAV replication under similar conditions. Sulfatide expression and GS-5 treatment in host cells also had the same effect on other strains independent of viral subtype (H1N1, H3N2, or H5N3) and host (human or avian). These results suggest that sulfatide on the cell surface is involved in IAV replication.
Nucleoprotein (NP) protein of IAV forms viral ribonucleoprotein (vRNP) complexes together with the viral polymerase (PB1, PB2, and PA), and viral genome RNA segments in the nucleus and the vRNP complexes are then exported to the cytoplasm. On the other hand, two surface spike glycoproteins, HA and NA, are transported to the cellular surface membrane via an exocytic pathway. In sulfatide-enriched cells at 7 h after infection, most of the newly synthesized viral NP had translocated from the nucleus to the cytoplasm, but in the parent cells, most of the newly synthesized viral NP remained in the nucleus. In both sulfatide-enriched and parent cells, most of the newly synthesized HA and NA was localized to the cell surface. In sulfatide-enriched cells that were treated with GS-5 but not with TU-1 after IAV infection, most of the newly synthesized viral NP remained in the nucleus despite normal localization of newly synthesized viral HA. The same effect was observed by treatment of virus-infected cells with anti-H3 HA MAb (named 2E10), which blocks the binding of IAV and sulfatide. In contrast, anti-H3 HA MAb (named 1F8), which does not block the binding of IAV to sulfatide, effi cient than the effect of treatment with the nucleoside analog reverse transcriptase inhibitor azidothymidine. Sulfatide itself has no association with anemia or bone marrow suppression, which are severe side effects of highly active anti-retroviral therapy. In the future, sulfatide or sulfatide derivatives may become useful tools of HIV-1 therapy ( 153 ).
Hepatitis C virus
Elevated titers of both anti-GM1 and anti-sulfatide antibodies were observed in plasma of several patients with hepatitis C virus (HCV)-associated IgM /IgG mixed cryoglobulinemia (MC). MC is an immunological disorder characterized by immune complex-mediated systemic vasculitis involving small vessels, which may present with renal, cutaneous, rheumatologic, and/or neurological manifestations. A close relationship between cryoglobulinemia and chronic HCV infection has been suggested, but the pathogenetic role of HCV infection in MC has not been elucidated ( 154 ) . Host sphingolipid synthesis is known to be essential for HCV replication ( 155 ) . Therefore, sulfatide might be involved in HCV replication ( Table 7 ) .
Infl uenza A virus
Because sialic acid plays an essential role as the virus receptor in the infl uenza A virus (IAV) life cycle, IAV binds to sialo-glycoconjugates on the host cell surface via the viral envelope glycoprotein, hemagglutinin (HA). Another envelope glycoprotein, neuraminidase (NA), exhibits sialidase activity for cleaving sialic acid residues and facilitates release of progeny viruses from the cell surface membrane. Sulfatide has been ubiquitously detected in various epithelial cell lines and animal tissues that permit suffi cient IAV replication.
We had found that IAV strongly binds to sulfatide, which has no sialic acid ( 156 ) , and that sulfatide inhibits IAV sialidase activity under an acidic condition but not under a neutral condition ( 157 ) . We have tried to elucidate the role of sulfatide in the IAV infection cycle. Recently, we Metabolism of common gangliosides is very complicated due to sequential reaction of various transferases. On the other hand, metabolism of sulfatide is very simple in comparison to that of most gangliosides ( Fig. 2 ) . In fact, abnormal expression and suppression of sulfatide can be remedied by gene operations or by inhibitors against CST, CGT, and ASA. In terms of glycolipid-associated diseases, gene therapies or pharmacodynamic agents targeting sulfatide metabolism could be used for sulfatide-associated diseases if side effects could be prevented. Results of future studies on sulfatide should lead to a detailed fundamental understanding of illnesses arising from an abnormal nervous system (MLD resulting from sulfatide accumulation in lysosomes due to defi cient activity of ASA, possible association of Parkinson's disease with either elevated or reduced levels of sulfatide, possibility of Alzheimer's disease associated with reduction of sulfatide due to promotion of sulfatide degradation or to loss of sulfatide transporter, the possibility of abnormal formations and functions of myelination, sodium and potassium channels, and transporters resulting from a decrease or loss of sulfatide expression), autoimmune diseases, diabetes, infarction, bacterial or viral infectious diseases, and other incompletely understood diseases. Further progression of fundamental study and drug development for sulfatide-associated diseases will require cooperation of many researchers belonging to various fi elds, including lipid-biology, glyco-biology, hematology, endocrinology, neurology, immunology, microbiology, and virology. and anti-N2 NA MAb (named SI-4), as well as TU-1, did not suppress nuclear export of the viral NP. These results indicate that association of sulfatide with HA delivered to the cell surface induces translocation of the newly synthesized viral NP from the nucleus to the cytoplasm. Administration of GS-5 also protected mice against lethal challenge with mouse-pathogenic IAV and markedly reduced progeny virus titers in the lungs of the mice. This fi nding suggests that an inhibitor of binding between HA and sulfatide would be a novel reagent that inhibits viral particle formation and virus replication. Recombinant HA protein of IAV (subtype H5N3) is produced by a baculovirus protein expression system. The recombinant HA protein can bind not only to sialoglycolipid but also to sulfatide. This is a useful tool for elucidation of the binding domain of HA with sulfatide and for development of new anti-IAV reagents ( 160 ) ( Table 7 ) .
Vaccinia virus
Vaccinia virus, a surrogate of variola virus that causes smallpox, can bind to sulfatide through A27 and L5 viral membrane proteins. Sulfatide inhibits virus attachment to the cell surface and prevents mortality in a lethal mouse model of infection with the vaccinia virus Western-Reserve strain. These results suggest that sulfatide plays a role as one of the receptors for vaccinia virus ( 161 ) ( Table 7 ) .
PERSPECTIVES
Sulfatide is a highly multifunctional glycolipid. Abnormal metabolism of sulfatide can be associated with development of many diseases, including MLD, diabetes, and autoimmune diseases. Additionally, many bacteria and some viruses utilize sulfatide for processes of their infection and replication. Elucidation of the biological functions of sulfatide will reveal mechanisms underlying the development of these diseases and infection processes, leading to the development of drugs for treatment of sulfatide-associated diseases. However, sulfatide is a highly multifunctional glycolipid involved in the nervous system, diabetes, immune system, hemostasis/thrombosis, bacterial infection, and virus infection, as described in this review. Therefore, if sulfatide in cells and tissues is blocked or downregulated by a direct binding agent, genetic technique, or pharmacodynamic agent affecting sulfatide metabolism, it is very likely that various side effects associated with sulfatide will occur. For anti-bacterial and anti-viral reagents, direct and specifi c binding inhibitors against the sulfatide binding site on bacterial or viral adhesion proteins are thought to be more suitable for practical use to prevent the predicted side effects attributed to sulfatide in the host.
For IAV, highly pathogenic avian IAV (H5N1) has often been transmitted from poultry to humans since 1997. Swine-origin IAV (H1N1) occurred suddenly, and H1N1 infection has been rapidly spreading worldwide among humans since 2009. The development of antiviral drugs will probably play a critical role in a future infl uenza pandemic. NA inhibitors such as zanamivir and oseltamivir are by guest, on www.jlr.org Downloaded from
